Introduction {#sec1-1744806919839860}
============

The incidence of pain increases with advancing age. Epidemiological evidence suggests that while approximately 20% of young adults report persistent pain, 40%--80% of people aged 55--65 report pain that interferes with daily activities.^[@bibr1-1744806919839860]^ The clinical literature shows that various indices of pain perception during repetitive noxious stimulation are enhanced by age.^[@bibr2-1744806919839860]^ Likewise, capsaicin-induced pain lasts longer in aged individuals and is more resistant to local anaesthesia.^[@bibr3-1744806919839860]^ The production of endogenous analgesic substances and the expression of opioid receptors also decline with age,^[@bibr4-1744806919839860],[@bibr5-1744806919839860]^ and functional magnetic resonance imaging studies have shown that striatal inhibitory pain modulatory responses are reduced in aged individuals.^[@bibr6-1744806919839860]^ Finally, electroencephalography (EEG) work has demonstrated that both peripheral and central nociceptive pathways are altered in the elderly.^[@bibr6-1744806919839860],[@bibr7-1744806919839860]^ These data suggest that the detection and processing of pain-related information are altered with age.

Data from preclinical pain studies in aged animals are more varied than the clinical literature, most likely reflecting differences in experimental design and an over reliance on reflexive testing.^[@bibr8-1744806919839860]^ Nevertheless, this body of work suggests that pain following inflammatory and neuropathic insults is greater in severity and duration in aged animals.^[@bibr9-1744806919839860]^ At the cellular level, a number of baseline differences have been identified in the aged nociceptive system. For example, myelinated unmyelinated fibers are reduced in peripheral nerves,^[@bibr10-1744806919839860],[@bibr11-1744806919839860]^ as well as the expression of key pain transducers and signaling receptors such as TRPV1 and NaV1.8.^[@bibr12-1744806919839860],[@bibr13-1744806919839860]^ Together, these changes would reduce nociceptive signaling. Peripheral nerves also show signs of Wallerian degeneration with age,^[@bibr10-1744806919839860],[@bibr14-1744806919839860]^ and the presence of increased numbers of macrophages and mast cells^[@bibr15-1744806919839860]^ indicate increased inflammatory damage. At a functional level, the inflammatory response of nociceptive afferents also differs markedly in young versus aged animals. Young nociceptive afferents strongly sensitize to acute but desensitize to chronic inflammation.^[@bibr16-1744806919839860]^ In contrast, aged nociceptive afferents do not exhibit robust sensitization or desensitization under either acute or chronic inflammatory conditions. These observations for inflammatory conditions imply the mechanisms underlying increased pain in aged animals lies in central pain pathways.

Some groups have provided clear evidence of altered excitability in central nociceptive pathways in aged animals. For example, extracellular in vivo recordings show that dorsal horn (DH) neurons in aged rats exhibit significantly higher background activity and higher discharge rates during noxious stimulation. After discharge is also enhanced following noxious stimulation and the receptive field of putative nociceptors is larger in aged versus young adult animals.^[@bibr17-1744806919839860][@bibr18-1744806919839860]--[@bibr19-1744806919839860]^ In contrast, in inflammatory and neuropathic pain models, DH neuron background activity, discharge during nociceptive stimulation, receptive field size, and degree of sensory-evoked activation do not change dramatically in aged animals but are substantially increased in young adults.^[@bibr17-1744806919839860],[@bibr18-1744806919839860]^ Together, these findings have been interpreted as evidence that aged spinal nociceptive circuits are sensitized in naive animals and thus have limited capacity for further injury-induced plasticity.

To date, detailed information on the excitatory and inhibitory synaptic mechanisms, as well as the intrinsic excitability in DH circuits, required to better understand how DH circuits differ in aged animals, has not been reported. This is in part because of a widely held view that high-resolution patch clamp recordings are not possible in spinal cord slices prepared from aged animals. Thus, much of the work on these properties has only been undertaken in young animals. Notwithstanding these challenges, in this study, we compare the intrinsic and synaptic properties of DH neurons in aged and young adult mice, highlighting a number of differences under baseline conditions. This information suggests that a variety of properties are altered with aging, and these may change DH circuit signaling under pathological conditions.

Experimental procedures {#sec2-1744806919839860}
=======================

All experiments were approved by the University of Newcastle (UoN) Animal Care and Ethics Committee. Male C57BL/6 mice were used for all experiments and housed in a temperature- and humidity-controlled environment under a 12-h light and/or dark cycle. All animals had unlimited access to standard rodent chow and water. Two age groups were used for all experiments: mice that could be considered young adults (aged 3--5 months) and aged animals (24--32 months).

Acute spinal slice preparation {#sec3-1744806919839860}
------------------------------

An identical spinal cord slicing procedure was used for young adult and aged mice, as previously described.^[@bibr20-1744806919839860],[@bibr21-1744806919839860]^ Briefly, mice were anaesthetized with ketamine (100 mg/kg i.p.) and decapitated. Using a ventral approach, the lumbosacral enlargement of the spinal cord was rapidly removed and placed in ice-cold sucrose substituted artificial cerebrospinal fluid (ACSF) containing (in mM): 250 sucrose, 25 NaHCO~2~, 10 glucose, 2.5 KCl, 1 NaH~2~PO~4~, 1 MgCl~2~, and 2.5 CaCl~2~. Parasagittal slices (from L3 to L5 segments cut at 300 µm thickness) were obtained using a vibrating microtome (Leica VT-1000S, Heidelberg, Germany). Slices were then transferred to an interface incubation chamber containing oxygenated ACSF (118 mM NaCl substituted for sucrose) and allowed to equilibrate for 1 h (at 22°C--24°C) prior to recording.

Electrophysiology {#sec4-1744806919839860}
-----------------

Slices were transferred to a recording chamber and continually superperfused (bath volume 0.4 ml; exchange rate 4--6 bath volumes/min) with ACSF bubbled with Carbonox (95% O~2~ and 5% CO~2~) to achieve a final pH of 7.3--7.4. Neurons were visualized using near-infrared differential interference contrast optics. All recordings were limited to neurons within or dorsal to the substantia gelatinosa, which were easily identified by its translucent appearance. This meant neurons were sampled in laminae I and II. Recordings were obtained at room temperature (21°C--24°C). Patch pipettes (4--8 MΩ) were filled with one of the two internal solutions. A potassium gluconate-based internal solution was used to record action potential (AP) discharge and excitatory postsynaptic currents (EPSCs), containing (in mM): 135 C~6~H~11~KO~7~, 6 NaCl, 2 MgCl~2~, 10 HEPES, 0.1 EGTA, 2 MgATP, and 0.3 NaGTP (pH adjusted to 7.3 with KOH). A cesium chloride-based internal was used for recording inhibitory postsynaptic currents (IPSCs), containing (in mM): 130 CsCl, 10 HEPES, 10 EGTA, 1 MgCl~2~, 2 ATP, and 0.3 GTP (pH adjusted to 7.35 with 1 M CsOH). Neurobiotin (0.2%, Vector Laboratories, Peterborough, UK) was included in the internal solutions to access neuronal location and morphology in a subset of experiments. Initially, all recordings were made in the voltage-clamp mode (holding potential −70 mV). Data were acquired using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) and digitized online (sampled at 10--20 kHz and filtered at 5--10 kHz), via an ITC-18 computer interface (Instrutech, Long Island, NY, USA), and stored on a Macintosh computer using Axograph X software (Kagi, Berkley, CA, USA). Series resistance, neuron input resistance, and membrane capacitance were calculated at the beginning of each recording, based on the response to a 5 mV hyperpolarizing voltage step (10 ms duration, holding potential −70 mV). These values were reassessed at the end of each recording session, and data were rejected if they changed by more than 30%.

AP discharge was assessed by switching to current-clamp mode with bridge balance monitored throughout recordings. Neurons were left for 60 s following this switch to allow membrane potential to stabilize and this value was taken as resting membrane potential (RMP). Neuronal excitability and AP discharge were studied by injecting a series of depolarizing step currents from RMP (800 ms duration, 20 pA increments, delivered every 8 s) into the recorded neuron. During this protocol, maximum voltage deflections were limited to −20 mV, in parts of the voltage trace not containing APs. This avoided cell damage.

Spontaneous EPSCs (sEPSCs), which represent the postsynaptic response to AP-dependent and independent neurotransmitter release,^[@bibr22-1744806919839860][@bibr23-1744806919839860]--[@bibr24-1744806919839860]^ were pharmacologically isolated by including the GABA~A~ receptor and glycine receptor antagonists bicuculline (10 μM) and strychnine (1 μM) in the bath perfusate. The identity of these currents as excitatory was subsequently confirmed by bath application of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-kainate receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 μM). Spontaneous IPSCs (sIPSCs) were recorded in a similar manner except CNQX was included initially, to isolate mixed sIPSCs (i.e., those mediated by GABA and glycine), before the GABA~A~ receptor antagonist bicuculline (10 μM) was added to isolate glycinergic currents. At least 3 min of data were acquired under each pharmacological condition for subsequent analysis.

Data analysis {#sec5-1744806919839860}
-------------

Criteria for inclusion of recordings for analysis were an RMP more negative than −50 mV and a series resistance \< 30 MΩ (filtered at 5 KHz). All data were analyzed offline using Axograph software. Analysis of sEPSCs and sIPSCs used a sliding template method (semiautomated procedure within Axograph X) to capture individual events.^[@bibr25-1744806919839860]^ Captured currents were inspected and excluded from further analysis if multiple events overlapped or had an unstable baseline before their rise or during their decay phase. Data were also rejected if a significant time-dependent trend in either the amplitude or the interval between currents was observed during the analysis period. The peak current amplitude and rise time (measured over 10%--90% of the maximum current amplitude) were measured for all accepted events (via semiautomated procedures in Axograph). Mean frequency was calculated as the number of accepted events detected divided by the duration of analysis period (in seconds). Analysis of decay time constant (calculated over 20%--80% of the current's decay phase) was undertaken on averaged currents, generated by aligning the rising phase of all accepted events in a recording. Averaged currents were also used to calculate charge transfer, defined as the area under the trace.

For the analysis of AP discharge, responses were classified according to previously published criteria.^[@bibr26-1744806919839860],[@bibr27-1744806919839860]^ Tonic firing was characterized by continuous AP discharge throughout the depolarizing step, initial bursting (IB) was characterized by AP discharge limited to the beginning of the depolarizing step, delayed firing featured a prominent delay between the onset of the depolarizing step and AP discharge, single spiking was characterized by discharge limited to one or two APs at depolarizing step onset. Individual APs elicited by step-current injection were also captured using a derivative threshold method with the inflection point during spike initiation (dV/dt ≥ 15 V/s) defined as AP threshold. The difference between AP threshold and its maximum positive peak was defined as AP amplitude. AP base width was measured at AP threshold. AP afterhyperpolarization (AHP) amplitude was taken as the difference between AP threshold and the maximum negative peak following the AP. Rheobase current was defined as the smallest step-current that elicited at least one AP. Three parameters were used to further classify each neuron's AP discharge pattern during step-currents: discharge latency which reflects time from the onset of step-current injection to the first evoked AP, discharge duration which reflects the time between the onset of the first and last AP during step-current injection, and number of spikes discharged per step. These properties were also measured and compared for young adult and aged neurons that exhibited tonic firing, IB, and delayed firing. This allowed us to assess whether the profile of AP discharge was altered in each category.

Statistical analysis was carried out using SPSS v10 (SPSS Inc., Chicago, IL, USA). Student t tests were used to compare variables between young adult and aged data sets, with nonparametric data compared using Kruskal--Wallis test. G tests, with Williams' correction, were used to determine whether the proportions of AP discharge patterns and voltage-activated currents differed between groups. Statistical significance was set at p \< 0.05. All values are presented as means ± standard error of the mean.

Histochemistry {#sec6-1744806919839860}
--------------

At the conclusion of some experiments the slice was stored in 4% paraformaldehyde at 4°C for subsequent analysis of neurobiotin-filled neurons (one neuron per slice). Slices were washed in 0.1 M phosphate-buffered saline (PBS; 3×15 min) and incubated in Rhodamine Red Streptavidin (1:50, overnight) using antibody diluent (0.3% Trident). Slices were then washed in PBS (3×15 min), cover-slipped, and imaged on an epifluorescent microscope. The distance of recovered neurons from the dorsal white--gray border was recorded to allow between-group comparison across similar recording sites between the young adult and aged DH. Some recovered neurons from aged tissue were imaged on a confocal microscope and classified morphologically if neurons soma and dendritic processes were clearly visible.

Drugs {#sec7-1744806919839860}
-----

All drugs were prepared and stored at 1000× final concentration and then diluted in bath perfusate. All drugs were purchased from Sigma-Aldrich (Sydney, Australia).

Results {#sec8-1744806919839860}
=======

Whole-cell patch clamp recordings were obtained from 112 neurons (40 from 15 young adult mice and 72 from 24 aged mice). Our recordings characterized the active and passive membrane properties as well as fast excitatory and inhibitory synaptic transmission. The mean distance of neurons from the dorsal border of the gray and white matter (80.5 ± 8.9 μm vs. 78.5 ± 6.5 μm), input resistance (471.4 ± 54.5 MΩ vs. 478.8 ± 40.1 MΩ), and membrane potential (−54.3. ± 2.1 mV vs. −53.6 ± 3.1 mV) of neurons were similar in both age groups. A subset of aged DH neurons were also filled and recovered by including neurobiotin in the recording pipette. Although recovery from aged spinal cord tissue was limited, the range of morphologies typically reported for lamina II neurons in young animals were observed, including vertical, radial, islet, and central morphologies ([Figure 1(a)](#fig1-1744806919839860){ref-type="fig"}). Together, these comparisons suggest any differences we observed were not due to location, cell type, or recording bias. Most importantly, they show that the functional properties of DH neurons can be studied in spinal cord slices from very old mice.

![Altered intrinsic excitability of aged DH neurons. (a) Representative morphology of neurobiotin recovered DH neurons recorded from aged mice. Recovered neurons exhibited all the morphological classes typically identified in studies from younger animals including vertical, radial, islet, and central cells. (b) Overlaid traces show AP discharge responses recorded during step current injections (800 ms duration, 20 pA increments) from young (blue) and aged (red) DH neurons. These responses included the range of responses typically reported in the literature including TF, IB, DF, and SS were observed in both young and aged recordings. (c) Bar plots compare the relative incidence of each discharge category (shown in panel b) between young and aged recordings. IB dominated in the young recording's but was less common in the aged sample where TF and DF responses were more prominent. (d) Line plots compare spiking characteristics (duration of spiking, number of spikes, and latency to spiking) in young and aged recordings from DH neurons that exhibit repetitive AP discharge (TF, IB, and DF). Data are normalized to compare the spiking at rheobase and then subsequent 20 pA step responses up to 100 pA. All spiking characteristics assessed were similar in young and aged TF (left) and DF (right) DH neurons, whereas aged IB DH neurons exhibited a greater number of spikes per step and longer spiking duration (at 40 and 60 pA above rheobase) than young IB DH neurons. Thus, across these findings, the aged DH neurons sampled exhibited greater excitability than those recorded from young animals. TF: tonic firing; IB: initial bursting; DF: delayed firing; SS: single spiking.](10.1177_1744806919839860-fig1){#fig1-1744806919839860}

Intrinsic excitability is enhanced in aged DH neurons {#sec9-1744806919839860}
-----------------------------------------------------

DH neurons exhibit well-established heterogeneity in their AP discharge patterns. Accordingly, we compared neuronal responses to depolarizing current step injections (20 pA increments, 800 ms duration) from young adult and aged animals ([Figure 1](#fig1-1744806919839860){ref-type="fig"}). Comparison of the rheobase APs from young and aged animals showed no difference in AP threshold (−29.90 ± 1.32 vs. −30.18 ± 1.05 mV, p = 0.87), AP amplitude (55.12 ± 1.85 vs. 53.91 ± 1.72 mV, p = 0.65), AP half-width (2.11 ± 0.14 vs. 2.16 ± 0.13 ms, p = 0.77), and AHP amplitude (−19.55 ± 1.53 vs. −20.47 ± 1.25 mV, p = 0.65). Four types of AP discharge were observed in both young and aged neurons. These included tonic firing, IB, delayed firing, and single spiking ([Figure 1(b)](#fig1-1744806919839860){ref-type="fig"}). In contrast, reluctant firing responses that have been reported in some work were not observed in our study.^[@bibr24-1744806919839860],[@bibr25-1744806919839860]^ Comparison of the distribution of these discharge responses showed that IB responses dominated the young sample but became less common in the aged animals ([Figure 1(c)](#fig1-1744806919839860){ref-type="fig"}). Despite this observation, the high variability in both samples meant that the distribution in both groups was statistically similar. However, when neurons were collapsed into a group that showed adaptive, limited AP discharge (IB and single spiking); or extended discharge and a linear relationship between current step amplitude and spike number (tonic firing and delayed firing), there was a significant rise in responses that supported repetitive discharge in the aged recordings (tonic firing and delayed firing, Chi squared p \< 0.05).

To further assess the impact of advanced age on intrinsic excitability recordings, Young and aged DH neurons that exhibited repetitive discharge at multiple steps (tonic firing, IB, and delayed firing) were separated into discharge patterns, and the features of AP discharge (delay, duration, and frequency) were compared across multiple currents step injections ([Figure 1(d)](#fig1-1744806919839860){ref-type="fig"}). This analysis showed that tonic firing neurons exhibited latency to discharge, number of AP spikes per step, and duration of discharge responses that was similar across both ages. IB neurons exhibited a similar latency to AP discharge for both ages; however, aged neurons produced more AP spikes per step and longer discharge durations in response to the 40 and 60 pA steps above rheobase. Finally, delayed firing neurons exhibited similar latency to discharge, number of AP spikes per step, and duration of discharge responses in young and aged recordings. Thus, in addition to an overall shift to responses that featured sustained AP discharge in the aged DH (tonic firing and delayed firing), IB neurons in the aged DH also discharged more APs producing longer responses. Together, these analyses indicate certain populations of neurons in the aged DH become more excitable. This could disrupt normal spinal sensory processing mechanisms and alter pain signaling in this region.

The strength of excitatory input is reduced in aged DH neurons {#sec10-1744806919839860}
--------------------------------------------------------------

We next examined the effect of age on spontaneous excitatory synaptic input, which is critical for driving activity in DH circuits under both normal and pathological conditions. sEPSCs were recorded in young adult and aged DH neurons from a holding potential −70 mV ([Figure 2](#fig2-1744806919839860){ref-type="fig"}). sEPSC amplitude was reduced in aged DH neurons (15.83 ± 0.65 pA vs. 20.33 ± 1.03 pA, p \< 0.05). The time course of these currents was unaffected by age, with sEPSC rise time (1.27 ± 0.06 ms vs. 1.23 ± 0.08 ms, p = 0.654) and decay time constants being similar in both groups (5.24 ± 0.27 ms vs. 4.78 ± 0.52 ms, p = 0.424). sEPSCs frequency was also similar in neurons from young adult and aged mice (2.78 ± 0.63 Hz vs. 2.02 ± 0.63 Hz, p = 0.436). We also calculated the average charge that would be transferred by excitatory synaptic events in the two groups. Charge was lower in the aged sample (107.1 ± 5.9 pA.ms vs. 165.6 ± 33.9 pA.ms, p \< 0.05). Thus, excitatory synaptic drive is reduced in the DH of aged animals.

![Excitatory drive is decreased in aged DH neurons. (a) Traces show continuous recordings of spontaneous excitatory postsynaptic currents (sEPSC) from DH neurons in young (upper blue) and aged (lower red) animals. Lower overlaid traces are captured sEPSCs from young and aged recordings highlighting the amplitude range and time course of events recorded from young and aged animals. (b) Group data plots compare sEPSC properties in young and aged recordings. sEPSC amplitude was significantly decreased in aged recordings, whereas rise time decay time constant and frequency were similar in both samples.](10.1177_1744806919839860-fig2){#fig2-1744806919839860}

The contribution of GABAergic inhibition increases in aged DH neurons {#sec11-1744806919839860}
---------------------------------------------------------------------

Activity and processing within DH circuits is also under fast synaptic inhibitory control mediated by GABAergic and glycinergic inhibition. To assess the effect of age on inhibitory signaling in the DH, we recorded sIPSCs in young and aged DH neurons ([Figure 3](#fig3-1744806919839860){ref-type="fig"}). Mixed sIPSCs, which represent the combined actions of GABAergic and glycinergic input, were first examined. Our analysis showed mixed sIPSC amplitude (54.47 ± 11.36 pA vs. 36.22 ± 5.83 pA, p = 0.146), rise time (1.41 ± 0.12 ms vs. 1.53 ± 0.16 ms, p = 0.524), and frequency (0.73 ± 0.16 Hz vs. 0.67 ± 0.15 Hz, p = 0.801) were similar in aged and young adult recordings. In contrast, the decay time constant of these currents was markedly slower in aged recordings (30.70 ± 4.35 ms vs. 19.65 ± 2.47 ms, p \< 0.05). This slower decay time course meant mixed sIPSC charge was larger in aged recordings (1161.71 ± 203.51 pA.ms vs. 637.49 ± 94.95 pA.ms, p \< 0.05).

![GABAergic inhibition is more prominent in aged DH neurons. (a) Traces show continuous recordings of mixed (GABA and glycine) sIPSCs recorded from DH neurons in young (upper blue) and aged (lower) animals. The right overlaid traces are captured sEPSCs from young and aged recordings highlighting the amplitude range and time course of events recorded from young and aged animals. Note that currents exhibit similar amplitudes, but time course is extended in the aged recordings. Group data plots (right) compare mixed sIPSC properties, showing similar eIPSC amplitude, rise time, and frequency between samples by slower decay time constants in the aged recordings. (b) Traces show continuous recordings of glycinergic sIPSCs in young and aged DH neurons, isolated by bath addition of bicuculline to block GABAergic components. The right overlaid traces are captured glycinergic sEPSCs highlighting the amplitude range and time course of events. Note that currents from young and aged recordings have a similar appearance. Group data plots (right) compare glycinergic sIPSC properties, showing DH neurons from young and aged animals exhibit similar values for amplitude, rise time decay time constant, and frequency values. sIPSCs: spontaneous inhibitory postsynaptic currents.](10.1177_1744806919839860-fig3){#fig3-1744806919839860}

Given GABAergic synaptic currents are known to produce slow decaying inhibitory synaptic currents whereas glycinergic synaptic currents decay more rapidly,^[@bibr21-1744806919839860]^ we next isolated the glycinergic component of sIPSCs in a subset of neurons by bath application of bicuculline (10 μM). As with mixed sIPSCs, glycinergic sIPSCs exhibited similar amplitudes (48.35 ± 10.49 pA vs. 35.73 ± 5.99 pA, p = 0.317), frequencies (0.38 ± 0.13 Hz vs. 0.42 ± 0.16 Hz, p = 0.854), and rise times (1.40 ± 0.16 ms vs. 1.54 ± 0.11 ms, p = 0.474). After removal of GABAergic input, the remaining glycinergic sIPSCs exhibited similar decay time constants (14.59 ± 1.38 ms vs. 16.35 ± 1.44 ms, p = 0.386) and synaptic charge (673.26 ± 163.19 pA.ms vs. 554.91 ± 82.79 pA.ms, p = 0.386). These data suggest that the difference we observed in mixed sIPSC decay ([Figure 3(a)](#fig3-1744806919839860){ref-type="fig"}) in aged versus young adult recordings was mediated by GABAergic input. This interpretation was further supported by the relative change in sIPSC properties between mixed and glycinergic-only conditions in aged and young adult samples. Specifically, sIPSC frequency, decay time constant, and charge all fell after removal of GABA-mediated currents in the aged but not young adult sample. Together, these findings suggest that the relative balance of GABAergic and glycinergic shifts to a greater dominance of GABAergic sources in the aged DH.

Discussion {#sec12-1744806919839860}
==========

The well-documented shift in susceptibility to, and experience of, pathological pain conditions with advancing age has been seen as evidence for a change in the way nociceptive input is haracte and processed by the aged central nervous system (CNS). Data presented here provide a systematic appraisal of the key factors that shape nociceptive processing in the spinal DH by characterizing intrinsic excitability, excitatory synaptic signaling, and inhibitory synaptic signaling. Together, our results suggest that several alterations occur in aged spinal DH circuits that would impact sensory processing. Specifically, with age, there is a shift in the intrinsic excitability of DH neurons with an increased capacity to support repetitive spiking. In parallel, there is an overall decrease in excitatory synaptic drive. Most notably, there is a shift in the balance of inhibitory input contribution from GABAergic sources which increases with age.

While the relationship between the above changes is unclear, our findings are consistent with the concept of homeostatic plasticity, where dynamic interplay between the factors that govern excitability is adjusted to maintain neuronal output within functional limits.^[@bibr28-1744806919839860]^ For example, layer 2/3 pyramidal neurons in the rat visual cortex exhibit enhanced intrinsic excitability following monocular deprivation that blocks visual input and reduces excitatory drive to these neurons.^[@bibr29-1744806919839860]^ Conversely, reduced inhibitory input in the naturally occurring glycine receptor-mutant mouse, spastic, lead to reduced intrinsic excitability in hypoglossal motor neurons, presumably to limit neuronal output in the face of compromised inhibitory regulation.^[@bibr30-1744806919839860]^ Importantly, similar adjustments have also been identified in the DH of the same glycine receptor-mutant mouse, where intrinsic excitability is downregulated via enhanced A-type potassium currents that limit/delay AP discharge.^[@bibr26-1744806919839860]^ In the case of aged DH neurons, we observed an increase in repetitive AP discharge---that is, enhanced neuronal excitability.

Regarding potential mechanisms for a shift in excitability, a substantial body of work has shown that features of AP discharge in the DH are not static. Rather many neurons can exhibit a range of discharge responses depending on factors such as membrane potential, neuromodulator signaling, and voltage-gated ion channel expression patterns.^[@bibr31-1744806919839860][@bibr32-1744806919839860][@bibr33-1744806919839860][@bibr34-1744806919839860]--[@bibr35-1744806919839860]^ For example, a shift to tonic firing could result if there were a reduction in A-type potassium currents either due to reduced expression of the underlying potassium channel or if channel function were modulated.^[@bibr36-1744806919839860],[@bibr37-1744806919839860]^ Such conditions would diminish the capacity of the A-type potassium current to delay AP discharge and produce tonic firing. Alternatively, a change in the relative expression or activation state of voltage-gated sodium and potassium currents could allow switching from adaptive AP discharge to a tonic firing.^[@bibr33-1744806919839860]^ While our data set does not allow us to differentiate these mechanisms, or others, the resting membrane potentials were similar in young and aged recordings. Thus, future studies will be required to directly assess the effect of aging on the range of voltage activated currents that influence tonic AP discharge.

We observed an overall reduction in excitatory synaptic strength in aged DH circuits ([Figure 2(a)](#fig2-1744806919839860){ref-type="fig"}). This is similar to recordings in acute slices from rat parietal cortex where sEPSC amplitude decreases with advanced age.^[@bibr38-1744806919839860]^ Likewise, reports in rat CA3 hippocampal neurons have shown an age-associated decrease in synaptic strength in the form of reduced sEPSC amplitude.^[@bibr39-1744806919839860]^ Interestingly, this reduced excitatory drive was accompanied by enhanced intrinsic excitability, an observation our DH data set mirrors. Recordings in prefrontal cortex from nonhuman primates have also shown decreased excitatory synaptic transmission, in this case, however, the cause was a reduction in sEPSC frequency with little change in amplitude.^[@bibr40-1744806919839860]^ Finally, others have reported that excitatory inputs do not differ in the primary somatosensory cortex of young and aged rats.^[@bibr41-1744806919839860]^ Thus, age-related changes to excitatory synaptic function maybe region-specific.

The ultimate impact of reduced excitatory signaling in the DH would be reduced signaling through DH circuits. Given, excitatory (glutamatergic) drive in the DH comes predominantly from primary afferents and local excitatory interneurons populations in this region,^[@bibr42-1744806919839860],[@bibr43-1744806919839860]^ differentiating the source of specific types of excitatory input in the aged DH will also be important. Our recordings were of spontaneous excitatory events so the source of input cannot be distinguished. Thus, the reduction to sEPSC amplitude in aged DH recordings may be conserved across both afferent and interneuron inputs or restricted to one type. This will be important to resolve in the future as a selective reduction to interneuron or primary afferent signals in aged DH neurons may have differential effects on spinal sensory processing. Likewise, the impact of these changes will depend on whether they occur across the DH population, or selectively on excitatory versus inhibitory cell types. Previous work has suggested DH neurons can be functionally identify differentiated by AP discharge patterns, with tonic firing common for inhibitory interneurons and delayed firing common for excitatory populations.^[@bibr44-1744806919839860][@bibr45-1744806919839860]--[@bibr46-1744806919839860]^ Unfortunately, the relative incidence of each in our data set meant that statistically meaningful comparisons could not be made to test if reduced excitatory signaling was confined to excitatory or inhibitory DH neurons. Future work using aged transgenic mice with genetically labeled DH neuron subpopulations such as the Gad67::eGFP or vGluT2::eGFP lines could directly address this issue.^[@bibr47-1744806919839860],[@bibr48-1744806919839860]^

Our assessment of inhibitory synaptic input in the aged DH showed a marked shift to GABAergic inhibition with age. The effect of advanced age on inhibition has also been studied in other CNS regions with a range of findings, though generally advanced age is accompanied by diminished inhibitory function.^[@bibr49-1744806919839860]^ For example, inhibition to CA3 pyramidal neurons in rat hippocampus is reduced through reductions in both the amplitude and frequency of sIPSCs in aged animals.^[@bibr39-1744806919839860]^ Similarly, sIPSC amplitude and frequency are reduced in rat medial geniculate neurons.^[@bibr50-1744806919839860]^ Pyramidal neurons in rat parietal cortex also exhibit reduced sIPSC frequency, though other properties such as amplitude and time course are unaffected.^[@bibr51-1744806919839860]^ In contrast, inhibition of pyramidal neurons in somatosensory cortex is unchanged in aged rats.^[@bibr41-1744806919839860]^ Findings in nonhuman primates also vary, with increased sIPSC frequency in layer II/III pyramidal cells in prefrontal cortex, but sIPSC amplitude and frequency unchanged in hippocampal dentate gyrus granule cells in aged animals. Of note, however, the decay time course of inhibitory GABAergic currents in the dentate was slower in recordings from aged animals.^[@bibr40-1744806919839860]^ This work concluded that presynaptic release mechanisms were unaltered, but age had changed postsynaptic GABA~A~ receptor kinetics. Our findings mirror this observation, with decay time the only property of sIPSCs that was altered in aged mouse DH neurons. Unlike dentate sIPSCs that are solely mediated by GABA, sIPSCs in DH neurons are mediated by both GABA and glycine. Importantly, GABA receptor-mediated currents decay with slow kinetics (\>20 ms), whereas glycine receptors decay with fast kinetics (5--10 ms). Thus, the slower decay kinetics in our sIPSC recordings appear to reflect a shift to greater GABAergic inhibition in the aged DH. This is supported by a more pronounced shift to faster decay kinetics when GABAergic signaling is blocked in aged compared to young sIPSC recordings, as well as a greater decrease in sIPSC frequency under these conditions.

Many studies, including our own, have highlighted the importance of inhibition from both GABAergic and glycinergic sources in the mouse DH, and the impact that altering this inhibition has for nociceptive processing.^[@bibr21-1744806919839860],[@bibr52-1744806919839860][@bibr53-1744806919839860][@bibr54-1744806919839860][@bibr55-1744806919839860][@bibr56-1744806919839860]--[@bibr57-1744806919839860]^ In addition, previous work in rat has suggested a developmental shift in the relative balance of GABA and glycine. Specifically, glycinergic inputs were not detectable at birth but emerged approximately two weeks later.^[@bibr58-1744806919839860]^ In contrast, GABAergic input was present at birth and remained relatively strong even after the establishment of glycinergic input. Other rat data also indicate that once glycinergic input is established, a period follows where the majority of DH neurons receive mixed inhibition from both glycinergic and GABAergic sources, with up to a quarter of these recordings also displaying evidence of GABA/glycine cotransmission at individual synapses.^[@bibr59-1744806919839860]^ This transient period of mixed inhibition then declines, and most DH neurons receive either predominantly glycine or GABA dominant inhibition by three weeks postnatal and into adulthood. Work in mouse broadly agrees with this segregation of glycine or GABA-dominant inhibition in DH subpopulations and has shown subsets of excitatory and inhibitory interneurons exist that preferentially receive strong inhibition from one transmitter system in adulthood.^[@bibr56-1744806919839860],[@bibr60-1744806919839860]^ This literature has also shown that neurons located more superficially tend to receive GABA dominant inhibition, whereas synaptic inhibition in more ventrally located populations has a stronger glycinergic component.^[@bibr57-1744806919839860],[@bibr61-1744806919839860]^ Our experiments in sagittal slices will have included recordings from both populations described in this work, but we did not specifically differentiate the more superficial and ventral populations. Regardless, the strong dominance of GABAergic input in our data highlights that advanced age causes a relative reduction in glycinergic inhibition that has the potential to alter the profile of synaptic inhibition in aged DH circuits. The functional significance of this shift remains to be determined; however, given glycinergic currents decay more rapidly than GABAergic currents, the precision, temporal qualities, and potential for summation will be altered. It follows that these altered properties will affect normal and pathological signaling within aged DH circuits. In addition, a substantial literature suggests that altered chloride transporter function under neuropathic conditions can diminish synaptic inhibition and even convert inhibitory synapses to excite their postsynaptic targets.^[@bibr62-1744806919839860][@bibr63-1744806919839860][@bibr64-1744806919839860]--[@bibr65-1744806919839860]^ If these observations hold true in the aged DH, they may be further exacerbated by the greater dominance of slower decaying GABAergic currents and produce sustained excitation within the DH.

The mechanisms that drive the sequence of changes we have observed in DH neurons remains to be determined; however, as noted, these differences may be interrelated with both the consequences of aging and other compensatory adjustments to maintain normal signaling. Regardless, the aging literature contains a growing body of evidence, suggesting that the aged nervous system is maintained in a chronic neuro-inflammatory state, in part due to dysfunction of glial cell populations. For example, microglia isolated from aged mice express greater quantities of pro-inflammatory cytokines tumor necrosis factor α (TNFα), interleukin-1 β (IL-1β), transforming growth factor β, and IL-6 mRNA compared to young microglia.^[@bibr66-1744806919839860],[@bibr67-1744806919839860]^ In aged brain slices, microglia become less dynamic and ramified. Moreover, they exhibit slower acute responses to laser-evoked focal tissue injury; however, the duration of their responses is extended.^[@bibr68-1744806919839860]^ Together, these data support widespread disturbances to microglial structure, activation, and pro-inflammatory cytokine release with advancing age. Astrocytes have also been implicated in the heightened inflammatory status of the aged CNS. Astroglial morphology is considerably affected by age, with hypertrophic, reactive astrocytes predominating in the aged brain.^[@bibr69-1744806919839860]^ Astrocytes isolated from aged cortex produce larger quantities of IL-6 than those from young cortex.^[@bibr70-1744806919839860]^ Further, the increased TNFα, IL-1β, and IL-6 in aged cortex and striatum are more extensively colocalized with astrocytes than microglia or neurons.^[@bibr70-1744806919839860]^

This literature is particularly relevant in the DH as neuro-inflammation has emerged as a key driver of altered sensory signaling following nerve injury and neuropathic pain. Specifically, a neuro-inflammatory cascade has been shown to provoke significant plasticity in excitatory and inhibitory DH signaling, starting with the release of a number of pro-inflammatory cytokines. Damage to primary sensory neurons results in their rapid de novo synthesis of C-C motif chemokine ligand 2.^[@bibr71-1744806919839860]^ Oligodendrocyte-derived IL-33 induces the production and release of TNFα and IL-1β from astrocytes and microglia within the spinal DH.^[@bibr72-1744806919839860]^ Activation of microglia by these pro-inflammatory cytokines results in upregulation of their synthesis and surface expression of the ionotropic purine receptor 4 (P2X4). P2X4 receptor activation by ATP in turn causes brain-derived neurotrophic factor release from microglia,^[@bibr73-1744806919839860]^ facilitating neuropathic pain by two mechanisms. Activation of TrkB (tropomyosin receptor kinase B) can induce phosphorylation of the obligatory N-methyl-D-aspartate (NMDA) receptor subunit GRIN1 (glutamate ionotropic receptor NMDA type subunit 1), increasing the amplitude of evoked excitatory synaptic inputs.^[@bibr74-1744806919839860]^ TrkB can also inhibit KCC2 (potassium/chloride cotransporter 2), resulting in reduced chloride reversal potential, rendering GABAergic and glycinergic inhibition less effective (as noted earlier).^[@bibr63-1744806919839860][@bibr64-1744806919839860]--[@bibr65-1744806919839860]^

Given these established links between neuro-inflammation and altered synaptic function under neuropathic conditions, chronic neuro-inflammatory conditions appear a likely contributor to the altered synaptic and intrinsic excitability we see in the naive aged DH may also be driven by. Adding another dimension to these data, work on young animals has indicated that neuro-inflammatory mechanisms are developmentally sensitive, suppressing neuropathic dysfunction in the spinal cord.^[@bibr75-1744806919839860],[@bibr76-1744806919839860]^ Our data suggest that a shift in the relationship between neuro-inflammation and neuropathic injury may also exist with advanced age. Differences between our data and the neuropathic literature may reflect the immediate, transient inflammatory state produced by nerve injury versus age-related neuro-inflammation that is likely to develop more slowly and chronically. The question of whether treating this chronic neuro-inflammation might restore aged DH circuits to resemble that of younger animals may have implications for future therapies. Regardless, it will be of particular importance, to establish if injury and pathological signaling, such as that under neuropathic conditions, is altered when superimposed upon an aged DH circuitry. The outcome of both phenomena converging in the DH will provide important insights into our understanding and treatment of pain in aged populations.
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